Some factors affecting stroke volume were investigated in conscious dogs in which left ventricular outflow was measured with an electromagnetic flowmeter. Stimulation of the heart at constant heart rate, by intracoronary injections of calcium gluconate and isopropylnorepinephrine, or postectopic potentiation failed to produce any increase in stroke volume. By contrast, alterations of posture at constant heart rate with the presumed associated changes in end diastolic dimensions, produced large changes in stroke volume. This resulted from a change in late systolic flow.
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• It is well known that changes in end diastolic volume and heart rate affect stroke volume. 1 " 3 It is also thought that increases of myocardial contractility augment stroke volume. 4 In the present investigation it was intended originally to utilise this augmentation in order to study the effects of increased cardiac output. It was found, however, that stroke volume could not be increased by any of the methods of myocardial stimulation attempted. This surprising result has prompted the present study of the determinants of stroke volume. Methods Fifteen dogs, with implanted flowmeter transducers, right atrial electrodes and intracoronary and intracardiac catheters were used; their preparation and the evidence of their state of health were described in the previous paper. 8 Intracoronary injections of isopropylnoradrenaline (0.5 to 1.0 /ig) and calcium gluconate (7.5 to 10 mg) were given in doses which had no effect when injected into the aorta or intravenously.
Paired pulse stimulation was done through the implanted right atrial electrode; the normal atrioventricular conduction and contraction sequences were thus preserved. Pairs of impulses 100 to 300 msec apart were delivered to the right atrium so that the second pulse of each pair produced an atrial ectopic stimulation which activated the ventricle but came too soon after the first impulse to produce ejection. However, it still potentiated the beat produced by the first impulse of the next pair. 6 The effects of paired pulse stimulation were compared with those of single pulse atrial stimulation at the same heart rate.
The effects of alterations of posture were studied by passively lifting the standing dog by the front legs or passively lowering the sitting dog by the front legs; the details of these postural changes have been described and illustrated. 5 The instrumentation used for the measurement of blood flow and pressures and the methods of calibration have also been fully described. 5
Results

MYOCARDIAL STIMULATION
Intracoronary injections of isopropylnoradrenaline and calcium gluconate increased maximum acceleration considerably 8 but stroke volume remained constant. This effect was accompanied by a reduction of systolic ejection time, increased acceleration and increased deceleration ( fig. 1 ). In one dog in which these cardiac stimulants could be injected simultaneously into both the circum-flex and anterior descending branches of the left coronary artery, the results were the same as for the single coronary artery injections. The shapes of both the aortic pressure and the aortic flow curves during the control period and during stimulation with intracoronary calcium gluconate are shown in figure 2 . The initial rise of aortic pressure was made steeper by myocardial stimulation and pressure was higher throughout systole.
The effectiveness of paired pulse pacing of the right atrium was extremely variable and great difficulty was experienced in ob- Oscilloscope photographs of aortic flow curves during a control period (above) and during myocardial stimulation by intracoronary calcium gluconate (below).
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Aortic flow curves from a similar experiment to that shown in figure 1 , together with aortic pressure.
Circulation Raetrch, Vol. XIX, July 1966 taining complete control of cardiac contraction. 7 In addition, the extra atrial contraction produced by the second stimulus of each pair frequently occurred when the mitral valve was open and augmented left ventricular filling; this then introduced another variable. The only results accepted were those from experiments in which the extra atrial contraction occurred during systole (when the mitral valve was closed) and produced increases in mean atrial pressures ( fig. 3 ).
In these experiments postextrasystolic potentiation produced no change in stroke volume although maximum acceleration increased considerably. In the first potentiated beat of the effect, when maximum acceleration was already twice the control value, there was no change in stroke volume ( fig. 3 ). Stroke volume remained constant even though maximum acceleration increased up to 210? of the control value by intracoronary in-2Oi U ri: -f-H+^z
Record of stroke volume (SV), acceleration (A), aortic flow (AF), central venous pressure (CVP) and left atrial pressure (LAP), when the pacemaker was changed (arrow) from single to paired atrial pacing. Poor integral (SV) discharge was produced by pacing stimuli; the second and third stroke volumes after the arrow were missing and the fifth had a high zero take-off level. Oscilloscope photographs of aortic flow curves with the dog in a horizontal position (above) and a vertical position (below) . At the bottom the two curves have been superimposed to show the difference between them.
jections, and up to 230$ of control value by atrial paired pacing.
CHANGES OF VENTRICULAR FILLING
Changes in posture produced considerable changes of stroke volume. 6 The way in which the different stroke volumes were ejected is illustrated in the fast records of die aortic flow patterns ( fig. 4 ). Most of the difference of volume appeared in late systole ( fig. 4 ). Blood was ejected with the same maximum acceleration, which was maintained for a longer time so that peak flow and velocity were higher and later with the dog in the horizontal position ( fig. 4 ).
Discussion
The constancy of stroke volume in these experiments when myocardial contractility was increased is remarkable because it is well established that a considerable volume of blood remains in the left ventricle at the end of systole. 8 " 10 The amount of shortening of isolated papillary muscle increases following an increase in contractility; 11 greater systolic emptying of the heart would therefore be expected in similar circumstances. Stroke volume was unchanged with increased contractility because the higher acceleration was fol-lowed by greater deceleration (fig. 1) . A mechanism which may explain this result is outlined as follows.
An increase in acceleration of blood from the left ventricle produces a steeper upstroke of the aortic pressure and a higher pulse pressure and peak pressure; pressure is still increased during deceleration ( fig. 2 ). This higher aortic pressure, which results presumably from higher acceleration 12 ' 1S and greater distention in early systole, may be stored and discharged by the elastic wall of the aorta to constitute a higher force opposing ejection in late systole. Since the blood has high velocity at the beginning of deceleration, and would therefore tend to continue under its own momentum (mass X velocity), the higher opposing force at this time would reduce this momentum more rapidly; its effectiveness would depend on the weak, or even passive, nature of late systolic shortening. A remarkable balance of forces must be present during more forceful myocardial contraction to produce constancy of stroke volume.
The mechanism responsible for the increased deceleration is unlikely to be a nervous reflex because there is no increase of stroke volume with the first beat of paired pacing ( fig. 3) . A reflex therefore would have to produce increased deceleration in that first beat (systolic ejection time 0.13 sec).
It could be argued that no more volume is ejected with increased myocardial contractility because it is physically impossible for more blood to come out and that the ventricle has reached its minimum volume at the end of systole. However, stroke volume increases when the aorta is opened to the atmosphere 14 and end systolic volume gets smaller when the heart rate is increased 15 " 17 showing that there is no physical limitation to the degree of systolic emptying.
Previous workers have studied increased myocardial contractility by stimulating the stellate ganglion in the open-chest anaesthetized dog. 4 ' 18> 19 The results are conflicting in that although most workers report an in-Grcuhtion Research, Vol. XIX, July 1966 crease in stroke volume, 4 - 18 Henderson and Barringer 19 state that stroke volume increases only when the heart is depressed or the arterial pressure low. In support of this view, we have recently given intracoronary injections of calcium gluconate in open-chest anaesthetized dogs and have obtained increases in stroke volume under conditions of undoubted myocardial depression. Two other factors may be responsible for the conflicting results. Firstly, it is conceivable that stellate ganglion stimulation affects pulmonary circulation to produce a change in left ventricular filling. Secondly, the turbinometer used for flow measurement by Sarnoff et al. 4 must alter seriously the physical properties of the aorta, and the theory proposed above to explain the constancy of stroke volume might not apply.
The experiments on posture described in this study were a simple way of testing the Frank-Starling mechanism in conscious dogs, since Rushmer 20 showed that end diastolic volume decreased when a dog was moved from the horizontal to the vertical position. A move from the vertical to the horizontal position causes an increase in end diastolic volume. In our experiments, only the first few beats of the effect were studied, when there is no change of heart rate in trained animals. 21 The interest of the present results was found in the way the left ventricle ejected more blood when there was greater filling. Deceleration after peak flow was unchanged, suggesting that the opposing force in late systole discussed above was also unchanged. The higher peak velocity in early systole indicates extra momentum (mass X velocity) which may have caused much of the additional blood to leave the ventricle passively in late systole. If the force exerted by the heart in early systole is proportional to the acceleration of blood, 5 it would appear that the key feature of the increased cardiac force exerted from a greater initial fibre length is that the same maximum force is applied for a longer time, so that there is a greater total force.
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Certain other mechanisms that affect stroke volume have not been investigated in the present study; they require discussion in the light of the theories presented above. Wilcken et al. 14 showed that, when the abdominal aorta was opened to the atmosphere between two consecutive beats, the stroke volume of the second beat was increased greatly, while maximum acceleration was hardly affected ( fig. 3 of Wilcken et al. 12 ). Since the only change which had taken place was a fall in peripheral impedance, the extra blood must have left the ventricle in late systole because of greatly reduced opposition to the momentum of the blood. Finally, a change of heart rate affects stroke volume with little alteration of maximum acceleration. 22 However, as changes in end diastolic volume are known to occur with alterations in heart rate, 15 " 17 the effect on stroke volume may be due to the Frank-Starling mechanism rather than the change in heart rate itself.
It is concluded that stroke volume is determined primarily by end diastolic volume and peripheral impedance. Pathological interventions such as myocardial ischaemia depress stroke volume 5 and increased contractility can restore the stroke volume of the depressed left ventricle toward normal. However, in the normal resting animal, increased contractility plays no part in the determination of stroke volume.
